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Abstract 

The "period-growth dichotomy" o f  the s o l a r  c y c l e  p r e d i c t s  t h a t  c y c l e  21, 

t h e  present  so la r  cyc le ,  w i l l  be o f  long  dura t ion  ( >  133 months), ending a f t e r  

J u l y  1987. B imodal i ty  o f  t h e  s o l a r  cyc le  ( long-  o r  shor t -per iod cyc les)  i s  

c l e a r l y  seen i n  a s c a t t e r  diagram o f  descent versus ascent durat ions.  Based on 

t h e  wel l -observed cyc les  8-20, a l i n e a r  f i t  f o r  long-per iod cyc les  (be ing a 

r e l a t i v e l y  

5% l e v e l  suggests t h a t  c y c l e  21, having an ascent o f  42 months, w i l l  have a 

descent near 99 months, y i e l d i n g  a c y c l e  d u r a t i o n  o f  about 141 months. L i k e  

c y c l e  11, c y c l e  21 occurs on the  downward envelope o f  the  sunspot number curve, 

y e t  A comparison 

o f  i n d i v i d u a l  cyc le ,  smoothed sunspot number curves f o r  cyc les  21 and 11 reveals  

s t r i k i n g  s i m i l a r i t y ,  which suggests t h a t  i f ,  indeed, c y c l e  21  i s  a long-per iod 

cyc le ,  then i t  too may have an extended t a i l  o f  sustained, low, smoothed sunspot 

number, w i t h  c y c l e  22 minimum occurr ing e i t h e r  i n  l a t e  1987 o r  e a r l y  1988. 

strong inverse  r e l a t i o n s h i p ,  r 2  > 0.66, t h a t  i s  s i g n i f i c a n t  a t  the  

i s  associated w i t h  an upward " f i r s t  d i f f e r e n c e "  i n  ampli tude. 
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1 1. l n t roduc t i on  

The du ra t i on  o f  the  s o l a r  cyc le ,  the  t ime between successive smoothed 

sunspot minima, based on the well-observed sunspot reco rd  which extends from 

c y c l e  8 t o  the  present,  averages about 131.6 months. However, as noted by 

Wi lson and Sargent (1984a, b) ,  s o l a r  cyc les  occur i n  ' ' s t r ings,"  l a s t i n g  

a t  1 eas t  2 consecut i  ve cyc l  es, being e i t h e r  o f  "shor t -per iod"  o r  "1 ong-period" 

du ra t i on  (c f .  Dicke, 1978, 1979; Yoshimura, 1979). Wilson (1984) has found 

sho r t -pe r iod  cyc les  t o  have a dura t ion  sho r te r  i n  l e n g t h  than 128 months and 

long-per iod  cyc les  t o  have a du ra t i on  longer  i n  l e n g t h  than 133 months; no s o l a r  

c y c l e  has a du ra t i on  f a l l i n g  i n  the  range of 128-133 months, a range which 

i nc ludes  (Th is  i s  a lso  

t r u e  i f  one inc ludes  the c y c l e  durat ions f o r  the l e s s  wel l -determined cyc les 

1-7.) Wilson has f u r t h e r  noted ( c f .  Waldmeier, 1935; Kiepenheuer, 1953; 

Bracewel l  , 1985) t h a t  shor t -per iod cyc les o f t e n  are cyc les o f  

h i  gher-than-average smoothed sunspot number a t  c y c l e  maximum by whi 1 e 

1 ong-per i  od cyc l  es o f t e n  are  cyc l  es o f  1 ower-than-average R,,+,. (For  cyc l  es 8-20 , 

R, averages about 116. ) 

(1984) 

the mean o f  the  e n t i r e  d i s t r i b u t i o n  o f  c y c l e  dura t ions .  

In  a subsequent study, Rabin, Wilson, and Moore (1986) have repor ted  a 

s t ronger  re1 a t i  onshi p i n  the  sol a r  cycl  e , one coup1 i ng c y c l  e amp1 i tude 'I t rend"  

and cyc le  dura t ion .  They have found t h a t  the sunspot c y c l e  i s  always sho r te r  

than the  mean c y c l e  du ra t i on  when the upper envelope o f  t he  sunspot number curve 

i s  r i s i n g  and always longer  when i t  i s  f a l l i n g .  They have c a l l e d  t h i s  

re1 a t i onsh ip  the "per iod-growth dichotomy," and have suggested t h a t  the  s o l a r  
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cycle has two d i s t i n c t .  physical modes: m,- -. I 
-") 

short-whi 1 e-growing" and 

"1 ong-whi 1 e-decl i n i  ng . I' Based on the current apparent trend i n  the 

"period-growth dichotomy," they have predicted t h a t  the present cyc le  (21) will 

be longer than 133 months, ending a f t e r  J u l y  1987. 

In this paper, addi t ional  comments are  given concerning the "bimodality 

s o l a r  cycle"  and the durat ion of cyc le  21. 

of 

the In p a r t i c u l a r ,  the d i s t r i b u t i o n  

of descent duration ayai nst ascent  duration f o r  the we1 1 -observed so la r  cyc les  

i s  shown t o  be better described i n  terms o f  short-period and long-period cyc le  

groupings, r a the r  than i n  terms of a s i n g l e  c o l l e c t i v e  grouping. Also, a 

comparison of smoothed sunspot number curves f o r  cyc les  21 and 11, both regarded 

t o  be "anomal ous" cycl es according t o  their " f i  rst d i  fferencell i n  amp1 i tude,  

g i v e n  w h i c h  revea ls  them t o  be s t r ik ing ly  s imi l a r .  

i s  

2. Di scussi on 

2.1 Comparison o f  Cycles 1-7 and 8-20 - - --- 

In the Rabin, Wilson, and Moore (1986) study, cycle  durat ions and 

amplitudes were compared f o r  cyc les  1-20, spanning the y e a r s  1755-1976. In this 

inves t iga t ion ,  however, one w h i c h  makes use of ascent  and descent durat ions,  the 

timespan has been reduced t o  cycl es 8-20 (1833-1976 ) . Cycl es 1-7 (1755-1833 ) 

usual ly  a r e  d i f f e r e n t i a t e d  from cycles 8-20, i n  t h a t  the l a t t e r  cycles  a r e  

b e t t e r  determined i n  comparison t o  the former cyc les  ( c f .  McNish and Lincoln, 

1949; Eddy, 1977; Wilson, 1984). This i s  r ead i ly  seen from Waldmeier (1961) ,  
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which contains  u compleI%!. l i s t i n g  of da i ly  sunspot number values for the 

in te rva l  1849 t h r o u g h  1960, b u t  only a par t i a l  l i s t ing p r io r  t o  1849, of ten 

being degraded (less d a t a )  f o r  e a r l i e r  dates extending back t o  1818. Pr ior  t o  

1818, Wal dmei e r  g i  ves no dai 1 y sunspot  number Val ues. 

Table 1 sumar i zes  the r e s u l t s  of a comparison between cycles  1-7 and 8-20 

f o r  selected sol a r  cycl e parameters, incl udi ng R,, ascent  duration ASC, descent 

duration DES, and cycle  durat ion or period PER. The comparison reveals t h a t ,  

a1 though corresponding mean values for these parameters may be ins ign i f i can t ly  

d i f f e r e n t  a t  the 95% or  90% leve l s  of confidence, corresponding variances 

sometime show la rge  d i f fe rences ,  w i t h  cycles 1-7 having the  1 arger  variances. 

T h e  r a t i o s  of variance between cycles 1-7 and 8-20 ind ica te  t h a t  R,and PER 

may be more r e l i ab ly  determined than DES o r  ASC ( t h a t  i s ,  the r a t i o s  f o r  R, and 

PER a re  c lose r  t o  un i ty ) .  Accepting values of means and standard deviations f o r  

cycles 8-20 t o  be equivalent  t o  population values f o r  the selected parameters 

shown i n  Table 1 and applying the zM Test (Langley, 19711, one f inds the 

following: differences i n  mean values f o r  R, and PER for  cycles  1-7 and 8-20 

are  in s ign i f i can t ly  d i f f e r e n t  and, thus, may be due e n t i r e l y  t o  chance; however, 

differences i n  mean values f o r  ASC and DES a re  s ign i f i can t ly  d i f f e r e n t  a t  5 0.2% 

and 5 5%, respectively.  Therefore, for ASC and DES, the differences in mean 

values for cycles  1-7 and 8-20 appear t o  be genuine and not j u s t  a var ia t ion  due 

t o  chance. Consequently, one argues tha t  values o f  ASC and DES f o r  cycles 1-7 

should n o t  be pooled together with those of cycles  8-20; they a r e  inherent ly  

d i f f e r e n t ,  r e f l ec t ing  e i t h e r  a real difference i n  the ear ly  cycles  as  compared 
2&* 
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to modern sofar  tycles o r ,  perhaps, a la'ck of re t iab t l i ty  i n  the placement o f  R, 

i n  the ear l  ier  cycles,  due t o  poorly monitored sunspot observations.  For this 

inves t iga t ion ,  the primary focus i s  on values of ASC and DES, only those 

values f o r  the well-observed cycles 8-20 will  be employed. The pooling of 

values of R, and PER,  however, as was done i n  the invest igat ion of Rabin, 

Wilson, and Moore (19861, was both acceptable and des i rab le  -- acceptable 

because the differences a re  very probably due t o  chance, and des i rab le  because a 

l a r g e r  data set became avai lable  w i t h  the inclusion of cyc les  1-7. 

since 

2.2 Bimodality of the Solar  Cycle - ---- 

As previously noted, short-period cycles  t e n d  t o  be associated w i t h  cycles 

of h i  gher-than-average smoothed sunspot number a t  cycle maximum R,, whi 1 e 

1 ong-peri od cycl es tend t o  be associated w i t h  cycl e s  of lower- than-average R, 

( c f .  Wilson, 1984; Wilson, Reichmann, and Teuber, 1984; Bracewell, 1985). 

Based on cycles 8-20, 4 of 6 " h i g h "  cycles a re  of short-period cycle duration, 

while 5 of 7 illowli cycles a re  of long-period cycle  duration. On the basis of a 

2x2 c l a s s i f i c a t i o n ,  one can easi ly  compute the probabi l i ty  P t ha t  no 

preferen t ia l  association e x i s t s  i n  the observed d i s t r i b u t i o n  of cyc e amplitude 

c l a s s  (high or low) and cycle mode (short or long)  using Fisher's Exact Test 

(Langley, 1971; Eve r i t t ,  1977). The r e s u l t a n t  probabi l i ty  i s  P S 8%, and the 

probabi l i ty  of obtaining the observed r e s u l t  or one more suggestive of a 

departure from independence i s  P 2 21%. Consequently, one cannot confidently 

p red ic t  cycle  duration on the  bas i s  o f  cycle  amplitude c l a s s .  

- 
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.. Since UPe-ascent Buration ASC of a cycle  i s  direct ly  related 

amplitude a t  cycle maximum RM, i n  t ha t  cycles  of shorter-than-average ASC a re  

" h i g h "  R, cycles ( 5  of 6, of cycles 8-21), while cycles of longer-than-average 

ASC are  "low" RM cycles (6 of 81, a r e s u l t  s ign i f i can t  a t  the 95% confidence 

level ( P  z 2.5% f o r  obtaining the observed r e s u l t  o r  one more suggestive of a 

departure from independence), a s imilar  d i s t r i b u t i o n  between ascent  duration 

c l a s s  and cycle mode, a s  between cycle amplitude c l a s s  and cycle mode, should  

e x i s t ;  i n  f a c t ,  i t  does. Therefore,  as concluded above fo r  amplitude c l a s s ,  one 

cannot confidently pred ic t  cycle  d u r a t i o n  on the bas i s  of cycle ascent  duration 

c l a s s .  

Instead of comparing cycle  mode and amplitude c l a s s  or  ascent d u r a t i o n  

c l a s s ,  as above, for cycles 1-20, one compares cycle mode and the "first  

difference" i n  amplitude ( u p  o r  down), where the " f i r s t  difference" & n )  i s  the 

difference between R, values f o r  two successive cycles ,  one can determine, a s  

before,  the p r o b a b i l i t y  P t h a t  no preferen t ia l  association e x i s t s  i n  the 

observed d i s t r ibu t ion .  The resu l tan t  probabi l i ty  i s  P < 1% ( P  5 0 . 3 %  for 

obtaining the observed r e s u l t  or one more suggestive of a departure from 

independence). T h u s  , an upward "fi rs t  d i  fferencell i n  amp1 i tude tends t o  

assoc ia te  w i  t h  cycles of short-period durat ion,  whi  1 e a downward " f i  rst 

difference" tends t o  a s soc ia t e  w i t h  cycl es  of 1 ong-period durat ion.  Whi 1 e the 

associat ion i s  s i g n i f i c a n t ,  some notable exceptions have occurred. Namely, 

cycles 11 and 13 , both hav ing  an upward " f i r s t  d i  f ference , I '  a r e  1 ong-period 

cyc les ,  and cycle 15, having a downward " f i r s t  d i f fe rence ,"  i s  a short-period 

cycle.  A moderately strong ( r2  3 0.26) inverse r e l a t ion  between PER a n d n  is  
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A A 

found frolrr regression a n s l p h ,  upproximated as )I = 13t .9 

the expected value of PER and X is the observed value o f n ;  the standard e r r o r  

of estimate SYx is  about 9.3. 

0.1 X 

I f ,  ins tead of us ing  the " f i r s t  difference" in amplitude f o r  cycles 1-20, 

one uses the ac tua l ,  a l b e i t  somewhat subjec t ive ,  bimodal ' ' trend arrows'' w h i c h  

ignore s ing le  cycle reversal  s ( see  Figure 1 i n  Rabin, Wil son, and Moore, 1986 1, 

t h e n ,  one observes t h a t  - a l l  cycles of a downward trend a r e  long-period cycles 

(11 of 11) and - a l l  cycles of an upward trend a re  short-period cycles (9 of 9). 

The probabil i t y  P t h a t  no preferent ia l  associat ion exists in  the observed 

d i s t r i b u t i o n  i s  computed t o  be P << 1% (P "v 0.0006%). Cycle 21 has an upward 

" f i r s t  difference" in amplitude, implying t h a t  i t  i s  a short-period cycle;  

however, as  in  the cases of cycles 11 and 13 w h i c h  a l so  had upward " f i r s t  

d i f fe rences ,"  y e t  were pa r t  of a general downward t rend according t o  the bimodal 

< .  

trend arrow, cycle 21 should be a long-period cycle.  

i n  Table 2 ,  durations of ascent ASC, descent DES, and period PER a re  

i d e n t i f i e d  fo r  cycles 8-20. Means, standard deviat ions,  and 95% and 90% 

confidence in t e rva l s  f o r  the means also a re  given, as  i s  the cycle  mode f o r  each 

cycle  ( S  = short-period cycle;  L = long-period cyc le) .  T h u s ,  an average so la r  

cycle  has an ascent duration o f  48.2 2 3.9 months, a descent duration of 83.5 * 
6.3 months, and a cycle duration of 131.62 6.3 months,  using 95% confidence 

in te rva l  s. 

To ascer ta in  the "goodness of f i t "  of the observed d i s t r ibu t ion  of each of 
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apply  t h e  Kolmogorov-Smirnov Tes t  (Lapin, 1978). Based on Val ues contained i n  

Table 2 f o r  cyc les  8-20, one concludes t h a t  ASC, D E S ,  and PER may be d i s t r i b u t e d  

normal ly  a t  the  95% o r  90% l e v e l s  o f  confidence. The grea tes t  dev ia t ion ,  

a1 though s t i l l  a t  a l e v e l  i n s i g n i f i c a n t l y  d i f f e r e n t  f r o m  the  normal d i s t r i b u t i o n  

a t  t he  s t a t e d  l e v e l s  o f  s ign i f i cance ,  i s  f o r  PER.  By invok ing  b imoda l i t y  ( long-  

and shor t -per iod  d i  s t r i  b u t i  ons , each normal 1 y d i  s t r i  buted about i t s  respec t i  ve 

mean), one can reduce the  d e v i a t i o n  i n  PER.  Furthermore, i t s  var iance can be 

reduced from 108.2 t o  39.0. While t h i s  i s  a t t r a c t i v e ,  one must note t h a t  i n  

doing so, t he  var iance i n  ASC increases from 42.2 t o  80.9, w h i l e  i t  on ly  

s l i g h t l y  decreases f o r  D E S ,  f r o m  108.2 t o  103.9. ( A  Kolmogorov-Smirnov Test, 

compari ng the  observed d i  s t r i  b u t i  on t o  a u n i  form d i  s t r i  b u t i  on,  1 i kewi se, resu l  t s  

i n  the acceptance of the  n u l l  hypothesis -- t h a t  i s ,  ASC, DES,  and PER may be 

d i s t r i b u t e d  uni formly.  Thus, t he re  i s  no s i g n i f i c a n t  evidence t o  r e j e c t  e i t h e r  

the  normal o r  un i form d i s t r i b u t i o n s  f o r  ASC, DES,  o r  PER.  A l a r g e r  data s e t  i s  

needed. 1 

Another va luab le  s t a t i s t i c a l  t e s t  t h a t  can be r e a d i l y  app l i ed  t o  the data 

i s  the Wilcoxon's Sum o f  Ranks Test  (Langley, 1971). Th is  t e s t  a l lows one t o  

evaluate the e f f e c t  o f  "b imoda l i t y  o f  the  s o l a r  cyc le "  i n  the  d i s t r i b u t i o n s  o f  

ASC and DES. App l i ca t i on  o f  t he  t e s t  r e s u l t s  i n  the  r e j e c t i o n  o f  the  n u l l  

hypothes is  ( d i f f e r e n c e  i n  sum o f  ranks due t o  chance) f o r  DES a t  the 5% l e v e l  o f  

s ign i f i cance ;  the n u l l  i s  accepted a t  t h e  1% s i g n i f i c a n c e  l e v e l .  For ASC, the  

n u l l  hypothesis i s  accepted even a t  the 90% l e v e l  o f  conf idence. Thus, f o r  D E S ,  

one can be assured a t  2 95% leve l  o f  conf idence t h a t  a bimodal d i s t r i b u t i o n  
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exists, and that the cliffemme tn sum oQ tanks m o t  be due mume;- -far 

ASC, one m u s t  accept a t  the 90% level of confidence t h a t  i t s  sum of ranks i s  due 

t o  chance. 

One addi t iona l ,  possibly useful comparison is  t o  contrast  ''expected" and 

"observed" values f o r  P E R ,  assuming a normal d i s t r i b u t i o n  and using f i v e  

standardized sor t ing  b ins ,  each bin being one standard deviat ion wide, w i t h  the 

central bin centered on the mean of the d i s t r ibu t ion .  Doing so, one obtains  the 

following "observed" sequence of b i n  frequency for  PER: 1-5-2-4-1. For a 

Gaussian or normal d i s t r i b u t i o n  of 13 so la r  cycles ,  the ''expected" sequence i s  

approximately 0.8-3.1-5.0-3.1-0.8. T h u s ,  for P E R ,  a possibly meaningful 

discrepancy i s  discerned. (One should note t h a t  the ''observed'' sequence o f  

1-5-2-4-1 i s  approximately the same as the "expected" sequence of 

0.4-5.0-1.8-4.5-0.4, wh ich  results when one combines the two "expected" 

sequences of the normal d i s t r i b u t i o n s  f o r  short-period and long-period cycles ,  

u s i n g  the bins  of the unimodal di s t ibut ion.  ) 

Based on a 2x2 c l a s s i f i c a t i o n ,  comparing observed and expected values f o r  

PER i n  the cent ra l  bins  (containing the means) w i t h  a l l  remaining b ins ,  one can 

determine, as before ,  the probabi l i ty  P t h a t  no preferen t ia l  assoc ia t ion  exists;  

t h i s  value i s  computed t o  be P =: 15%. Also, the probabi l i ty  of g e t t i n g  the 

observed result  can be d i r e c t l y  computed from the binomial formula, f o r  n = 13 

( the  number of s o l a r  cyc les )  and r = 11 ( the number of cycles  w i t h  values of PER 

ou ts ide  the cent ra l  b in ) .  I t s  value i s  computed t o  be P z 6%. ( I n  the 

ca l cu la t ion  'ir z 8/13 f o r  the ''expected" d i s t r ibu t ion . )  A Runs  Test (Stevens, 
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1939; Wald-.and Molfowitn 

determine the probabili ty t h a t  the sequence of a l t e rna t ives  is  random, shows 

t h a t ,  f o r  cycles 8-20, the sequence of a l t e rna t ives ,  consis t ing of 6 

short-period cycles and 7 long-period cyc les  in 4 runs, has a probabi l i ty  f o r  

randomness P r 9%. Based on the larger  data  set o f  cycles  1-20, consis t ing of 9 

short-period cycles and 11 long-period cyc les  i n  7 runs, one computes P r 4%. 

T h u s ,  confidence t h a t  a bimodal d i s t r ibu t ion  of PER e x i s t s  cer ta in ly  a t  the 90% 

level  and probably even a t  the  95% level .  

In Table 3 ,  means, standard deviat ions,  and 95% and 90% confidence 

i n t e r v a l s  for the means are  tabulated separately f o r  the two presumed cycle 

groupi ngs :  A short-peri od 

cyc le ,  on average, has an ascent duration of 45.8 ? 7.0 months, a descent 

duration of 76.02 7 . 3  months, and a cycle duration of 121.8t 3.8 months, using 

the  95% confidence in te rva ls .  In cont ras t ,  a long-period cycle ,  on average, has 

an ascent  duration of 50.1 5.6 months, a descent duration of 89.9 2 7.9 

months, and a cycle duration o f  140.0 4.7 months,  u s i n g  95% confidence 

in te rva l  s .  

short-period cycl es  ( S) and 1 ong-peri od cycl es (L 1. 

In Figure l a ,  the individual cycle lengths  f o r  cycles 8-20 are  p lo t ted ,  and 

the  mean values fo r  the two presumed cycle duration groupings and f o r  the 

combi ned g roup  , i gnori ng bimodal cl  assi f i  c a t i  on, are  g i  ven. In F i  gure l b ,  

values of descent DES and ascent  ASC f o r  the same s o l a r  cycles a re  depicted,  as  

a r e  the mean values of ascent < A S 0  and descent <DES>. For c l a r i t y ,  the 

individual points in Figures l a  and lb have been p lo t ted  as  f i l l e d  c i r c l e s  ( 6 )  
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: respec t ive ly .  Notice t h a t  6 of 7 long-period cyc les  have descent dura t ions  

longer than <DES>, while 6 of 6 short-period cycles  have descent durations 

s h o r t e r  than <DES>. Based on t h e  binomial formula, one computes the probabi l i ty  

of g e t t i n g  these observed d i s t r ibu t ions  t o  be P =: 6% and P 2%, respect ively.  

Thus, a bimodal c lass i f icat ion i n  DES versus ASC is quite apparent, a t  least  by 

quadrant,  with long-period cyc le s  tending t o  populate quadrants I and 11 and 

w i t h  short-period cyc les  p o p u l a t i n g  quadrants I11 and IV. Based on a 2x2 

c l a s s i f i c a t i o n  w i t h  respect t o  <DES> and < A X > ,  one computes the probabi l i ty  P 

t h a t  no preferen t i  a1 association exists i n the observed di stri but ion ,  i gnori n9 

bimodality of the s o l a r  cyc le ,  t o  be P z :  31%; the probabi l i ty  o f  obtaining the 

observed result or  one more suggestive of a departure from independence i s  P r  

38%. T h u s ,  i t  seems very u n l  i kely t h a t  DES i s  s t rongly  re1 a ted  t o  ASC f o r  the 

overall d i s t r i b u t i o n ,  when bimodal groupi ng  i s  di  s a l  1 owed. A general 1 inear f i  t 

( n o t  shown)  of DES t o  ASC confirms t h i s ;  namely, the regression, approximated a s  

Y = 107.9 - 0.5 X ,  where Y is  the expected value of DES and X is the observed 

value of ASC, has a c o r r e l a t i o n  coe f f i c i en t  r of only -0.32, ind ica t ing ,  a t  

best, t h a t  the co r re l a t ion  i s  weak. The standard error of estimate S,, i s  about 

10.3. (One should note t h a t  appl icat ion of Spearman's Correlation Test -- 
Langley, 1971 -- shows t h a t  DES i s  n o t  s t rongly  co r re l a t ed  w i t h  ASC, even a t  the 

10% s igni f icance  1 eve1 . I  

h A 

By invoking bimodality of the  solar  cyc le  and applying a l i nea r  f i t  t o  each 

of the groups,  one obta ins  f i t s  which are seemingly more representa t ive  of the 

da ta .  These l inear  f i t s  a r e  i l l u s t r a t e d  i n  Figure l b  by the two lines c a l l e d  
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e5 -are- BeWx 
A A 

descr ibed by the upper  regression, approximated as  Y = 147.2 - 1.1 X ,  where Y 

and X have the same meanings as before, w h i c h  has r = -0.81 and Sfl = 5.5. 

Short-peri  od cycl es a r e  better described by the 1 ower approximated 

a s  Y = 116.8 - 0.9 X ,  w h i c h  has r = -0.86 and Syx = 4.2. While the slopes a r e  

i n s i g n i f i c a n t l y  d i f f e r e n t  from each other a t  either the 95% o r  90% confidence 

levels, they a re  both s t a t i s t i c a l l y  d i f f e r e n t  from the n u l l  s lope ( =  0) a t  the 

95% level  of confidence. T h u s ,  the difference i s  seen t o  be l a rge ly  a f ac to r  of 

the Y-axis in te rcept .  In a l l  f i t s ,  the computed s lope is  negative,  indicat ing 

t h a t  DES i s  inversely cor re la ted  w i t h  ASC; i.e., cycles  w i t h  sho r t  ( long)  ASC 

have long ( s h o r t )  DES. (Application of Spearman's Correlat ion Test reveals t h a t  

the r e l a t i v e l y  strong inverse re la t ions  a r e  s i g n i f i c a n t  a t  about the 5% l eve l . )  

regression , 
A 

2.3 Duration of Cvcle 21 

As s t a t e d  before,  the present cycle ( 2 1 )  i s  expected t o  be a long-period 

cyc le ,  having a duration > 133 months. Applying the value of i t s  ASC (=  42) t o  

the l i n e a r  f i t  f o r  long-period cycles  yields  the  value o f  i ts  DES ( Z 991, a 

value remarkably close t o  t h a t  observed f o r  cycle  11 ( =  100). The 95% 

confidence interval  f o r  DES f o r  cycle  21 is  DES = 99.2 2 17.1 months. ( I f ,  on 

the  o ther  hand, cycle 21 i s  a short-period cycle ,  a1 though th i s  i s  considered 

highly unl ikely i n  l i g h t  o f  the "period-growth dichotomy," then, the 95% 

confidence interval  fo r  DES f o r  cycle 21 i s  DES = 79.4 14.5 months.) T h u s ,  

one can summarize a s  follows: (1) the "period-growth dichotomy" predic t s  t h a t  

cycle  21 i s  a long-period cycle  o f  duration > 133 months; ( 2 )  the mean duration 
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ind ica t ing  t h a t  cycle 21 will have a cycle  duration > 135 months; and ( 3 )  the 

l i n e a r  f i t  f o r  long-period cycles  y ie lds  an expected value f o r  cyc le  21 DES near 

99 months, suggesting t h a t  the cycle duration f o r  cycle  21 will be about 141 

months. 

2.4 Comparison of the nAnomalousu Cycles --- 21 and 11 - -- 

Cycle 21, l i k e  i t s  predecessor and many other  cycles ,  has had recurrent  

bursts of a c t i v i t y ,  which tend t o  lengthen the cycle .  Further ,  i t  shares 

several  common c h a r a c t e r i s t i c s  with cycle 11. For example, both cycles 21 and 

11 occur on the downward trend of the envelope of RM, are  (or a re  an t ic ipa ted  t o  

be) cycles o f  l o n g  durat ion,  have upward " f i r s t  differences"  in amplitude, have 

R, Val ues higher than average, and have ASC Val ues of comparable d u r a t i o n  which 

a re  sho r t e r  than average. T h u s ,  i t  may be t h a t  the known smoothed sunspot 

number curve fo r  cycle 11 may y ie ld  i n s i g h t  i n to  the behavior of cycle 21 f o r  

the remainder o f  i t s  decl ine.  

I n  Figure 2 ,  the smoothed sunspot number curves f o r  cycles  21 and 11 a re  

compared. A remarkable s imi l a r i t y  i s  readi ly  seen. Both cyc les ,  a s  already 

mentioned, have R, values h i g h e r  t h a n  average, with cycle  21 being the second 

highest  amplitude cycle  on record (based on cycles 8-21) and cycle  11 being the 

f i  f t h  hi ghest .  Furthermore, both display re1 a t i  vely smooth, rapi d r i  s e s  t o  

s i n g l e ,  well-defined peaks, and decay smoothly, in te r rupted  per iodica l ly  by 

recur ren t  burs t s  o f  a c t i v i t y  occurring roughly every 18-24 months. The r a t e s  of 
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cycles 21 an& 

predic ted  cyc le  duration f o r  these cycles, one probably would have c a l l e d  cycle 

11 a short-period cyc le  of duration about 110-120 months, and suspected cycle  21 

t o  behave i n  s imi l a r  fashion. However, cycle 11 exhibi ted a r a t h e r  long t a i l  of 

s u s t a i  ned , 1 ow, smoothed sunspot number, bel ow approximately 13, w h i c h  began 

about 5 y r  following RM and l a s t ed  fo r  about 3 y r ,  t h u s  making cycle 11 a 

long-period cycle.  If cycle  21 i s ,  indeed, a long-period cyc le ,  then, i t  - m u s t  

soon begin ( i f  i t  has n o t  a l ready)  a long t a i l  of sustained,  low, smoothed 

sunspot  number. The smoothed s u n s p o t  number f o r  December 1984, 5 y r  following 

R,,,,, had a value of about 27, 1.8 times the corresponding value f o r  cycle  11. 

t o  a value below 

of ,  perhaps, 3 

recurrence r a t e  

delay next cyc 

occurred o r  will 

20, and will continue a sustained,  slow decl ine f o r  

y r ,  p r i o r  t o  cycle 22 m i n i m u m .  An approximately 

o r  enhanced a c t i v i t y ,  w h i c h  tends t o  prolong the 

e m i n i m u m ,  suggests t h a t  another "bump" i n  a c t i v  

occur i n  either l a t e  1985 or  e a r l y  1986. Cycle 22 

predicted t o  occur i n  the range of l a t e  1987 t o  e a r l y  1988. 

Using cyc le  11 as  an ind ica tor  of fu tu re  a c t i v i t y  f o r  cycle  21, one 

a n t i c i p a t e s  t h a t  cyc le  21 soon will  be level ing-off  i n  smoothed sunspot number, 

an in te rva l  

18-24 month 

cycle and 

ty  may have 

m i n i m u m  is  

3.  Concl usi on 

Bimodality of the s o l a r  cycle has previously been suggested by Wilson 

(1984) ,  Sargent (1984b), and Rabin, Wilson, and Moore (1986).  In this  

inves t iga t ion ,  bimodal i t y  of the sol ar  cycl e has been demonstrated usi ng a 



scatter plot of  DES wemew 

cyc les  almost always l i e  above the mean descent du ra t i on  <DES>, w h i l e  

sho r t -pe r iod  cyc les  1 i e be l  ow <DES>. Without  the  i nvokement o f  bimodal i ty , DES 

i s n o t  s t r o n g l y  c o r r e l  a ted  wi th  ASC ; however, w i  t h  i t s  i nvokement, re1 a t i  ve l y  

s t rong inve rse  re1 a t i ons  ( r2 > 0.66 1 between DES and ASC become apparent, w i t h  

the  i nve rse  r e l a t i o n s  being s i g n i f i c a n t  a t  t he  5% l e v e l .  

The "period-growth dichotomy" repor ted i n  Rabi n ,  W i l  son, and Moore (1986 

s t r o n g l y  suggests t h a t  cyc le  21 w i l l  be a long-per iod  c y c l e  o f  du ra t i on  > 133 

months, t he re fo re  ending a f t e r  J u l y  1987. A p p l i c a t i o n  o f  the  observed value of 

ASC f o r  cyc le  21 i n  the  l i n e a r  f i t  f o r  long-per iod cyc les  leads t o  the  

p r e d i c t i o n  t h a t  c y c l e  21 w i l l  have a DES near 99 months, w i t h  a cyc le  du ra t i on  

endur ing about 141 months. Thus, cyc le  21 may n o t  end u n t i l  l a t e  1987 o r  e a r l y  

1988. If, indeed, cyc le  2 1  i s  a long-per iod cyc le ,  then i t  must be considered 

an anomalous cyc le ,  based on i t s  " f i r s t  d i f f e rence"  i n  amplitude, a 

c l a s s i f i c a t i o n  a l so  given t o  cyc les  11 and 13 which l i k e  c y c l e  21 occur on t he  

downward envelope o f  the sunspot number curve, y e t  have upward " f i r s t  

d i f f e r e  nc e s . 'I 

A comparison o f  the  smoothed sunspot number curves f o r  cyc les  21 and 11 

reveal  s s t r i  k i  ng s i  m i l  a r i  ty  . Both rose t o  h i  gher-than-average amp1 i tude, 

s ing le ,  we l l -de f i ned  peaks ( i n  terms o f  RM) i n  shorter-than-average ascent 

dura t ion ,  and both have shown recu r ren t  a c t i v i t y  dur ing  c y c l e  decl i ne, which 

tends t o  pro long the cyc le .  The enhanced sunspot a c t i v i t y  has recur red  about 

every 18-24 months. The remarkable s i m i l a r i t y  between cyc les  21 and 11 suggests 
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cycle 21 may be en ter ing  an interval of sus ta ined ,  low, smoothed sunspot number, 

interrupted by brief episodes of s l i g h t l y  enhanced sunspot a c t i v i t y .  

Acknowledgements. The author i s  gra te fu l  t o  Einar Tandberg-Hanssen and 

Ronald L .  Moore (NASA MSFC) and t o  Douglas Rab n (NOAO NSO) f o r  reading the 

manuscript and o f fe r r ing  h e l p f u l  advice. Also, the author is e spec ia l ly  

g ra t e fu l  t o  Douglas Rabin f o r  his  long and v a l i a n t  e f f o r t s  i n  espousing the 

concept of "bimodality of the s o l a r  cycle." the 

NASA Office of Solar  and Heliospheric Physics and by the Air Force Geophysical 

Laboratory through i t s  Solar  Research Branch of the Space Physics Division. 

T h i s  research was supported by 



References bs 

Bracewell, R. N.: 1985, Aust. J .  Phys. 38, 1009. --- - 
Dicke, R. H.: 1978, Nature - 276, 676. 

Dicke, R. H.: 1979, Nature 280, - 24. 

Eddy, J .  A.: 1977, i n  The Solar  Output and I t s  Variat ion (ed. ,  0. R. White), -- -- 
Col orado Associated Uni versi t y  Press, Boul de r ,  Col orado, p. 51. 

Everitt,  B. S.: 1977, T h e  Analysis of Contingency Tables, Halsted Press - - 
(John Wiley and Sons, Inc.) ,  New York, New York. 

Kiepenheuer, K .  0.: 1953, i n  The Sun (ed., G.  P. Kuiper), The University -- 
of Chicago Press, Chicago, I l l i n o i s ,  p .  322. 

Langley, R.: 1971, Pract ical  S t a t i s t i c s  Simply Explained (Revised Edi t ion) ,  

Dover Publ icat ions,  Inc., New York, New York. 

Lapin, L.  L. :  1978, S t a t i s t i c s  - f o r  Modern Business Decisions (2nd ed i t ion ) ,  

Harcourt Brace Jovanovich, Inc., New York, New York. 

McNish, A. G. and Lincoln, J .  V . :  1949, Trans. Am. Geophys. Un. 30, 673. - -- 
Rabin, D. ,  Wilson, R. M. ,  and Moore, R. L.: 1986, Geophys. Res. Let t . ,  i n  press. -- 
Sargent,  H .  H . ,  111: 1984a, B u l l .  Am. Astron. S O ~ .  16, 452. -- -- 
Sargent,  H .  H . ,  111: 1984b, -- EOS 65, 1072. 

Stevens, W .  L.:  1939, Ann.  Eugenics 9, 10. - 
Swed, F. S. and Eisenhart ,  C.: 1943, Ann. Math. S t a t i s t .  - 14, 66. -- 
Wald, A. and Wolfowitz, J . :  1940, Ann.  Math. S t a t i s t .  11, 147. 

Waldmeier, M.: 1935, Astron. Mitt. Zurich 14 ( N o .  1331, 105. 

-- - 
- 

Wal dmei e r ,  M. : 1961 , The Sunspot-Acti v i  t y  i n  the Years 1610-1960, Schul thess - --- 
and Co., Zurich, Swi t z e r l  and. 

Wilson, R. M. :  1984, A Comparative -- Look a t  Sunspot Cycles, NASA Technical - 



Page 19 

Paper 2325, Marshal 1 Space F1 i ght Center, A1 abama. 

Wilson, R. M., Reichmann, E. J., and Teuber, D. L.: 1984, Est imating Sunspot 

Number, NASA Technical Memorandum 86471, Marshal 1 Space F1 i ght Center,  A1 abama. 

Yoshimura, H.: 1979, Astrophys. -- J. 227, 1047. 



Page 20 

. I FIGURE CAPTIONS 

Figure 1. ( a )  Cycle duration o r  period PER ( i n  months) versus cycle  number, 

spanning the well-observed s o l a r  cycles .  Mean values f o r  cycles  8-20 

and f o r  1 ong-peri od and short-period cycl e groupi ngs  a r e  i d e n t i  f ied.  

Notice t h a t  no cycles  have been observed t o  occur i n  the range 

128-133 months, which contai ns the mean of t he  enti re d i  stri bution. 

Instead,  cycle durations appear t o  c l u s t e r  near 140 and 122 months, 

perhaps, suggesting a bimodal c l  ass i  f i c a t i o n  of sol a r  cycl es .  

( b )  Durations of descent DES versus ascent  ASC ( i n  months). Mean 

values of ASC and DES a re  iden t i f i ed .  Long-period cycles  tend t o  

populate quadrants I and 11, while short-period cycles  populate 

quadrants 111 and IV. Linear f i t s  f o r  the two cycle  duration c l a s ses  

a r e  shown. Equations fo r  the f i t s  a r e  included i n  the t e x t .  Error bars 

have been estimated f o r  ASC, DES, and PER. 

Figure 2. Smoothed sunspot number for  cycles  21 ( d o t s )  and 11 ( l i n e )  versus 

time ( i n  months) from cycle m i n i m u m  occurrence. Notice the s t r i k i n g  

si m i  1 a r i  t y  between the two cycl e s  . 
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EP . TABLE CAPTIONS 

Table 1. Mean values,  standard deviat ions S.D., variances VAR., and 95% and 90% 

confidence i n t e r v a l s  C.I. o f  the means f o r  cycles 1-7, 8-20, and their 

respective r a t io s .  

Table 2. Values of ascent  ASC, descent DES, and cycle  duration o r  period PER 

f o r  the well-observed s o l a r  cycles .  Also ident i f ied  a r e  the means, standard 

deviat ions S.D., 95% and 90% confidence i n t e r v a l s  C.I. of the means, 

and the cycle  duration mode, being e i ther  long L o r  sho r t  S ( i n  comparison 

t o  <PER>) .  

Table 3.  Means, standard deviat ions S.D.,  and 95% and 90% confidence i n t e r v a l s  C.I. 

of the means f o r  the two presumed cyc le  duration modes, long L and s h o r t  S. 



f 



n 

CYCLE 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

ASC 

40 
55 
50 
41 
60 
47 
49 
49 
57 
43 
39 
47 
49 

- DES 

76 
94 
85 

100 
74 
96 
89 
71 
65 
82 
83 
79 
91 

- PER 

116 
149 
135 
141 
134 
143 
138 
120 
122 
125 
122 
126 
140 

- MODE 

S 
L 
L 
L 
L 
L 
L 
S 
S 
S 
S 
S 
L 

MEAN 48.2 83.5 131.6 
S.D. 6.5 10.4 10.4 
95% c. I. 3.9 6.3 6.3 
90% C.I. 3.2 5.1 5.1 



I 

MODE 

S 

PER - DES - ASC 

45.8 76.0 121.8 MEAN 
6.7 6.9 3.6 S.D. 
7 .O 7.3 3.8 95% C.I. 
5.5 5.7 3.0 90% C.I. 

L 50.1 89.9 140.0 MEAN 
6.0 7.5 5.1 S.D. 
5.6 7.9 4.7 95% c. I .  
4.4 6.2 3.7 90% C.I. 


